] is biphasic, with a very fast release of Ca2" from intracellular stores, that parallels the Ins(1,4,5)P3 time course, followed by a more prolonged phase of Ca2" influx. In individual cells, histamine causes a rapid initial hyperpolarization of the plasma membrane, which can be mimicked by microinjected Ins(1,4,5)P3. Histamine-induced hyperpolarization is followed by long-lasting oscillations in membrane potential, apparently owing to periodic activation of Ca2"-dependent K+ channels. These membrane-potential oscillations can be mimicked by microinjection of guanosine 5'-[y-thio]triphosphate, but are not observed after microinjection of Ins(1,4,5)P3. We conclude that H1-receptors in HeLa cells activate a PtdInsP,-specific phospholipase C through participation of a specific G-protein, resulting in longlasting oscillations of cytoplasmic free Ca2".
INTRODUCTION
There is ample evidence that histamine is involved in a number of important physiological responses, such as neurotransmission, inflammation, allergic reactions and gastric acid secretion [1, 2] . Histamine has also been suggested to be involved in certain types of cell proliferation, such as wound healing, embryonic development and tumour growth [3] . Histamine receptors are classified into three subtypes, H1-, H2-and H3-receptors, which differ in their sensitivity to antagonists and mediate different actions [4] [5] [6] [7] . Whereas H1-and H2-receptors are widely distributed throughout the body, the H3-subtype has been reported to occur in nervous tissue and mast cells only [5, 6, 8] . H,-receptor activation leads to a rapid breakdown of inositol lipids [9-1 1] , whereas H2-receptors are coupled to the cyclic-AMP-generating system [12] .
We have recently obtained evidence that histamine, acting through Hi-receptors, can function as a growth factor and chemo-attractant for human HeLa carcinoma cells [12a] . However, the nature of the mitogenic and chemotactic signals generated by the Hl-type receptor in HeLa cells is not yet fully understood. In the present study, we have analysed the effects of histamine on phosphoinositide hydrolysis, Ca2l signalling and diacylglycerol formation, using both intact and permeabilized HeLa cells. Furthermore, we show that during histaminergic activation of phospholipase C marked oscillations in membrane potential occur within individual cells, that can be mimicked by microinjection of stable GTP analogues. Such long-lasting oscillations, which are attributable to repetitive increases in [Ca2+] i, may have a signalling role in H1-receptor-mediated chemotaxis and cell proliferation.
MATERIALS AND METHODS Materials
Cimetidine, DiC8, histamine, pyrilamine, PMA and 4aPDD were purchased from Sigma. Other agents were obtained from the following sources: fetal-calf serum from Hyclone, guanine nucleotides from Boehringer glycerol (1 Ci/mmol) were purchased from Amersham International. Cell culture Human HeLa carcinoma cells were routinely grown in DMEM containing 7.5 % (v/v) fetal-calf serum. The cells were grown to near-confluency before being used in the experiments. Determination of total inositol phosphates Cells were prelabelled to near-equilibrium in serumfree DMEM/Ham's F-12 (1:1, v/v) medium containing 10 ,tg of transferrin/ml and 2 ,uCi of myo-[2-3H]inositol for 24 h. At 2 h before stimulation, the cultures were shifted to serum-free DMEM containing 10 mM-Hepes (pH 7.4). The cells were stimulated with histamine for various periods in the presence of 10 mM-LiCl, and incubations were terminated by replacing the medium by 100% (v/v) trichloroacetic acid. After 10 min, extracts were collected and trichloroacetic acid was removed by washing with diethyl ether. The extracts were neutralized with Tris base and processed for analysis of the total
[3H]inositol phosphate-containing fraction (InsP, fraction) by anion-exchange chromatography on AGI X8 columns (formate form; Bio-Rad) as previously described [13] . Separation of inositol phosphate by h.p.l.c.
A fraction containing inositol phosphates was prepared as described previously [13] and separated on a Partisil SAX column (250 mm x 4.6 mm; Whatman) at a flow rate of 1.25 ml/min. The gradient used was a modification of the methods described by Jackson et al. [14] and Hansen et al. [15] : distilled water (10 min), linear gradient to 0.5 M-ammonium formate/H3P04 (pH 3.7; 12 min), convex gradient to 1.0 M (10 min; Waters Automatic Gradient Controller, gradient no. 2), followed by a linear gradient to 3.5 M (20 min). For quantification of the various inositol phosphates, 0.5 min (625 ,l) fractions were collected and 3H radioactivity was determined.
Stimulation of permeabilized HeLa cells
Nearly confluent monolayers were permeabilized with streptolysin-O, essentially as described by Howell & Gomperts [16] . Briefly, cultures were incubated for 5 min in a buffer (137 mM-NaCl, 2.7 mM-KCl, 2 mM-EGTA, 1 mM-CaCl 10 mM-LiCl, 20 mM-Pipes, 1 mg of bovine serum albumin/ml, 5.6 mM-glucose, 1 mM-ATP, pH 6.8) containing 0.4 i.u. of streptolysin-O. After washing the cells twice with buffer (1 ml), hormone and guanine nucleotides were added. The incubations were terminated by adding trichloroacetic acid (1 ml; 10O ), and an inositol phosphate-containing fraction was prepared and analysed by both AGI X8 or h.p.l.c. anion-exchange chromatography as described above. Diacylglycerol production Nearly confluent monolayers, grown on glass coverslips, were prelabelled with 10 ,uCi of [2-3H]glycerol/ml for 24 h and stimulated with histamine for various periods. Reactions were terminated by immersing the coverslips in chloroform/methanol (2: 1, v/v) and lipids were extracted as described in [17] . Diacylglycerol was separated by high-performance t.l.c. on silica gel 60 (Merck) developed twice with hexane/diethyl ether/ methanol/acetic acid (90:40:3:2, by vol.). Diacylglycerol-containing spots were scraped, hydrolysed for 12 h with 0.6 M-HCl/methanol (3:2, v/v), and 3H radioactivity was determined.
Measurements of (Ca2+ji
Nearly confluent HeLa monolayers, attached to rectangular coverslips, were incubated in serum-free DMEM/Ham's F-12 (1: 1) medium containing 10 ,ug of transferrin/ml for 18 h. The cells were loaded with indo-1 by exposing them to 2/M indo-1 ester for 40 min at 37 'C. [Ca2"],-dependent fluorescence was recorded and calibrated as described [18] at an excitation wavelength of 355 nm and an emission wavelength of 405 nm [19] . Electrophysiology HeLa cells were fused by using poly(ethylene glycol) as described in [20] . This treatment results in the formation of small syncytia of 5-7 fused cells, which serve as a suitable model system for single-cell studies. Before being used in the experiments, the cells were allowed to recover for 2 h in DMEM containing 7.50 fetal-calf serum. A fine-tipped micro-pipette filled with 1 mM-GTP[S] was used for electrophoretic injections. Membrane potential and resistance were monitored with a second microelectrode (3 M-KCl-filled; resistance: 30-50 MQ). For further details see Tertoolen et al. [21] . Local extracellular application of histamine was done with a broken-tipped microelectrode filled with a hormone-containing solution (100 /tM).
RESULTS

Histamine-induced inositol phosphate accumulation in HeLa cells
We have tested the effects of various hormones and mitogens for their ability to activate phospholipase C. As shown in Table 1 , histamine (100 /M), bradykinin (1 /tM) and bombesin (1 /IM) were found to evoke an accumulation of inositol phosphates in the presence of Li', indicative of phospholipase C-mediated breakdown of phosphoinositides. Among them, histamine is by far the most potent stimulus, giving an approx. 4-fold increase in InsP. levels. Epidermal growth factor, although capable of raising [Ca2+]i and inducing InsP. formation in some other cell systems, including human carcinoma cells [22] [23] [24] , has no significant effect on inositol phosphate formation, whereas fetal-calf serum (7.5 00, v/v) raises inositol phosphate levels approx. 2-fold ( Table 1) .
The dose-dependence of the histamine-induced inositol phosphate formation was determined by stimulating Li+-pretreated cultures with different concentrations of hormone for 30 min. Fig. 1 , the initial rate of inositol phosphate formation (as measured over the first 10 min) is dramatically increased. After 10 min there is an approx. 20-fold increase above basal levels (Fig. 2b) . Fig. 2 (b) also shows that after a few minutes the rate of InsP. production by simultaneously added histamine and GTP[S] levels off, a phenomenon probably due to depletion of PtdInsP2 pools as a result of impaired resynthesis.
Treatment of intact cells or plasma-membrane preparations with fluoride in the presence of aluminium ions causes activation of nucleotide-dependent regulatory proteins, such as G1, G, and transducin [25] [26] [27] [28] . We have studied the effects of AlF4; by treating permeabilized cells with increasing concentrations of NaF in the presence of 10 ,uM-AlCl3. Fig. 3 shows the increase in inositol phosphate formation evoked by NaF. Maximal effects are observed at 10 mM-NaF. Fig. 3 (Fig. 4) .
[ The first phase starts with a rapid, approx. 2-fold, increase in Ins(1,4,5)P3, reaching peak values within 4-7 s, followed by a second and smaller peak (Fig. 5b) [29] . This initial phase is followed by a second one, in which only InsP levels are elevated. This second phase of InsP formation starts at approx. 2-3 min after histamine addition and continues for at least 2 h (cf. Fig. 4 (Fig. 9) . The histamine-induced Ca2`signal consists of two distinct phases: an immediate and transient phase (reaching 1 /,M free calcium within seconds) is followed by a smaller, but more prolonged, second phase, that lasts for approx. 4-5 min. The time course of the first phase closely resembles the kinetics of Ins(1,4,5)P3 formation and is independent of extracellular calcium. When Ca2`influx is blocked by excess EGTA or the Ca2"-entry blocker La3+, the second peak is entirely absent (Fig. 9b and 9c ). Under these conditions, the remaining Ca2`transient reflects the mobilization of Ca2`from intracellular stores. As expected, brief pretreatment of the cells with either pyrilamine (50 nM) or PMA (50 ng/ml) abolishes the Ca2`signal completely (results not shown).
Oscillatory activation of Ca2+-dependent K+ channels
To investigate the Ca2`response to histamine of HeLa cells in further detail, we used electrophysiological methods to monitor the behaviour of Ca2`-activated K+ channels in the plasma membrane. The opening of this voltage-insensitive channel is controlled by cytoplasmic free Ca2" concentrations (range 0.1-1 #M) and results in membrane hyperpolarization [33] . The opening of Ca2+-activated K+ channels was monitored in single-cell preparations by direct intracellular recording. Brief appli- cation of histamine (using a broken-tipped micropipette) to a single HeLa cell causes a transient, biphasic, hyperpolarization of the plasma membrane, accompanied by a small but statistically significant increase in membrane conductance (i.e. decrease in resistance; Fig.  10 ). Such hyperpolarizations have previously been described by Hazawa et al. [34] , who showed that they are attributable to Ca2"-activated K+ channels. The observed change in membrane potential closely parallels the rise in [Ca2"], as measured in dye-loaded cell preparations (cf. Fig. 9 ). The initial hyperpolarizing phase is independent of extracellular Ca2" and is followed by a second one that can be blocked by progressively increasing concentrations of La3" (Fig. 10) . The initial phase is larger in the presence of La3" ions (Figs. lOb and lOc) . This phenomenon is most likely due to an increased membrane stability, as indicated by a larger membrane resistance.
When the histamine concentration is increased to 100 ftM (bath application), marked hyperpolarizing oscillations in membrane potential are recorded (Fig. 11) . In several experiments these oscillations occurred at a frequency of 1.5-2.0 min-' and lasted for at least 30 min in the continuous presence of histamine. These oscillations, which are most likely due to periodic changes in [Ca2"],, last as long as histamine is present and cease immediately after removal of the hormone or addition of pyrilamine (10 nM; results not shown). Also, application of a dose of PMA (25 ng/ml) that completely inhibits histamine-induced phospholipase C activation, results in an immediate block of the observed membrane-potential responses (results not shown). Note that each hyperpolarization is followed by a substantial depolarization (approx. 10 mV) and an increase in membrane resistance, suggesting the closure of certain ionic channels (Fig. 1) . The ionic basis of this depolarization was not further investigated. 
Microinjected GTPISI evokes oscillations
To gain insight into the possible mechanism(s) underlying the H1-receptor-mediated oscillations, we microinjected Ins (1, 4, 5) (Fig. 11) . In marked contrast, microinjection of GTP [S] evokes pronounced oscillatory changes in membrane potential and conductance, resembling those induced by histamine in both amplitude and frequency (about 1-2 min-'; Fig. 1 1) [38] , is not readily observed from our data, although the InsP4 peak, which is rather small in these cells, coincides with the time point of maximal Ca21 influx. Histamine induces a rapid membrane-potential hyperpolarization, apparently owing to an increase in the Ca2+-activated K+ conductance [33, 34] . Although a brief local application of histamine results in a biphasic hyperpolarization, incubation of cells with saturating concentrations of histamine (100 /tM) induces marked oscillations in membrane potential that persist up to 30 min in the continuous presence of the ligand. These observations are in line with the finding that several hormones, including histamine, can induce Ca2" oscillations in other cell types [39] [40] [41] [42] [43] . Each hyperpolarization is followed by a substantial depolarization and increased membrane resistance, suggesting either that [Ca2+]i reaches a level below normal steady state or that an as. yet unidentified ion channel is closed by mechanisms independent of [Ca2+]i. As with the formation of inositol phosphates, the oscillations persist in the continued presence of histamine and cease immediately when the antagonist pyrilamine is added.
A single injection of GTP[S] mimics the histamineinduced oscillations in membrane potential in both frequency and amplitude. These oscillations can be due either to periodic changes in Ins(1,4,5)P3 liberated [40] or to opening and closing of intracellular Ca2" channels at a constant level of Ins(1,4,5)P3 [44] . Since Ins(1,4,5)P3 levels are only transiently elevated in histamine-stimulated HeLa cells, whereas membrane-potential oscillations continue for a much longer period, our data support a model in which a series of transient Ins(1,4,5)P3 accumulations is generated as a result of feedbackinhibition by diacylglycerol-activated protein kinase C [40] . This notion is further supported by the observation that microinjections of Ins (1, 4, 5) 
